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ABSTRACT
This article reports on a 5-storey historic building which was completely cored to build a new one inside its historic façades. A bending resistant steel framework was installed inside the construction ground and tied positively with the façades to stiffen them during construction
works. Vertical loads were taken by a jet grouting gravity retaining wall, which also acted as supporting system for the building pit. To
carry lateral loads the framework was tied back into the ground by vertical and inclined pre-stressed anchors. Several months after installing
the gravity walls, just after the end of the demolition works and after fully straining of the supporting system, cracks in the historic façade
were detected as well as an inclination of the façade with a tangential deviation of 1:160. The tilting of the façade was induced by different
vertical movements of the framework caused by an expansion process within the jet grouting material. Because of the ongoing expansion by
means of delayed ettringite formation, it was necessary to dismantle the jet grouting structures.
INTRODUCTION
The project is a historic banking house, which was cored completely to build a new main building inside its historic façades.

toric façades, gives an impression of the little space at the construction site.
The façades are founded on strip footings at a foundation level of
3.5 m (11.5 ft) below street level. The projected foundation level
for the new building is 10 m (32.8 ft) below street level, so during construction a building pit is necessary inside the historic
façades.
GEOTECHNICAL PROPERTIES

Fig. 1. Historic façades of the completely cored building.
The house is located downtown in a very exclusive neighborhood
with stores, hotels and buildings of historic interest. It is close to
small, but very crowded streets on three sides, the forth side is
connected to another historic building which is under monumental protection. Figure 1, showing the cored building with its hisPaper No. 7.04

Below street level, fillings with a thickness of maximum 3.5 m
(11.5 ft) were found, corresponding ± to the level of the strip
footings of the façades. Below the filling the quaternary sandy
gravel is standing to a depth of 4 to 5 m (13.1 to 16.4 ft) below
street level. Beneath the quaternary the tertiary is found. In general the surface of this soil layer is wavelike and mainly consists
of silt and clay in the upper areas. In the area of the construction
site, the top of the tertiary consists of more or less cemented cohesive soils, mainly clay and silt with varying sand contents. It
has a thickness of about 2 m (6.56 ft). Below this soil layer mixtures of silt and sand and uniform graded fine to middle sand are
alternating to 15 m (49.2 ft) below street level. Cohesive, partly
cemented soil layers of silt and clay are following down to the
investigated depth. The main characteristic of the tertiary is the
irregular stratification of the above mentioned layers varying also
in thickness (v. Soos, 1966). The relative density Dr of its cohesionless soils is more than 65 % with a certain potential for liquefaction; the cohesive soils are brittle to semi solid and more or
less cemented.
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Since most of the geotechnical works was done within the tertiary, this is the relevant soil layer. Its most important geotechnical
as well as mineralogical parameters are shown in table 1 and 2.
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Table 1. Geotechnical parameters of the tertiary (mean values)
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[°]
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[kPa]
[%]
[lbf/ft³]
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value
25-35
0-30
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20
169.73
43
1,5
< 0.2
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Table 2. Mineralogical parameters of the tertiary
(mean values)
quartz
mica
chlorite
feldspar
dolomite
calcite

value in % (by weight)
32
14
8
26
10
10
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Ground-water level at the site reached about 6 m (19.7 ft) below
street level and was influenced by several ground-water lowering measures at other construction sites in the neighborhood.
CONCEPT OF STIFFENING SYSTEM AND BUILDING PIT
During construction works, it was necessary to temporarily stabilize the façades by a system of frames. To minimize the annoyance in the neighborhood, the frames were installed inside the
construction area. For retention of the 5-storey-façades (16 m
(52.5 ft) in height) four internal steel frameworks (frame SG1 to
SG4) were installed as shown in the plan view in Fig. 2. As the
historic façades are founded on strip footings of varying depth
between 2.5 m (8.2 ft) and more than 4 m (13.1 ft), only little
improvement work was needed (Katzenbach et al., 2003).
The bending resistant frames were tied positively with the façades. For the supporting system of the building pit (max. 10 m
(32.8 ft) below street level and max. 5 m (16.4 ft) below the strip
footings) gravity walls were used serving both, as retaining walls
and taking parts of the vertical compressive forces of the frames.
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SG 1 - SG 4: frame 1 - 4

Fig. 2. Plan view of construction site including jet grouting
structures, points of measurement etc.
Vertical loads also were taken by the strip footings underneath
the façades. The gravity walls were fixed by two rows of anchors
with an inclination of about 10° each. To deflect horizontal compressive forces, e.g. induced by wind loads on the façades, inclined anchors of 45° were installed. Horizontal tensile forces
were taken by vertical anchors (see Fig. 3).
The frame SG4 on the north side was applied on mini piles instead of the gravity wall. In this area the historic footings underneath the façade served as retaining wall.
All underpinning works as well as the gravity walls were carried
out by jet grouting technique. Jet grouting technique is a ground
modification system used to create in situ cemented geometries
of soil, also known as soilcrete. The technique is based on the
disaggregation of soil or weak rock by a high energy jet of fluid
(water or cementing agent), mixing the soil with and partial replacing it by the cementing agent (EN 12 716, 2001).
2

ASSESSMENT OF APPARENT DAMAGE
Detection of damage
Several months after installation of the gravity walls, just after
the demolition works of the old building were finished and the
supporting system of the façades was fully strained, tilting and
cracks in the historic façades were detected. The most severe
damages occurred in the south and south-east of the construction
site at the frames SG1 and SG2.
The surveying and mapping of the southern façade and the frame
SG1 resulted an inclination with a maximum horizontal movement of more than 10 cm (3.94 in.) at the top of the frame SG1
(Fig. 5).

3.94 in.
tilted frame SG 1
(at date of detection)

tilted historical façade
(at date of detection)

historical façade
(before construction works started)
frame SG 1
(after installation)

Fig. 3. Section B-B of the retention system at frame SG1(see
also Fig. 2).

scale of length:
0

15 ft
5m

Using this technique, panel or columns of cement stabilized soil
can be produced, forming any optional three dimensional structure by placing a number of (overlapping) elements. Figure 4
shows the schematic system of overlapping columns forming a
gravity wall including the row of long columns serving as curtain
jet grouting.

excavation level at
date of detection

0.79 in.

masonry

0
PB 203

30 ft
10 m

street level
strip footing
GW

old abutment
underpinning
31,17 ft

pit bottom
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(retaining wall,
gravity wall)

inclined anchors
curtain jet
grouting

ground surface
pit bottom

Fig. 4. Overlapping jet grouting columns forming a gravity wall.
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vertical anchors

Fig. 5. Tilting of the frame SG1 and the historic façade at the
date of detection.
This inclination means a tangential deviation of 1:160 from the
plumb line, which is comparable to a differential vertical movement of 2 cm (0.79 in.) between the two abutments of the frame
(old abutment and strip footing). According to Bjerrum (1963),
this is a very severe angular distortion, coming along with considerable cracking and structural damage which was detected at
the historic façades. As damage with serious consequences was
feared at the construction site itself but also in the neighborhood,
3

the streets closed-by were blocked and the buildings temporarily
evacuated.

and the historic façades. As short term measure, additional ballast was placed on the frames immediately to unburden the anchors and protect the supporting system against collapse (Fig. 8).

Immediate supporting measures and further proceeding
The width of the detected cracks in the façades were of greater
extension in the upper part of the façades, measuring more than
2 cm (0.8 in.) as can be seen in Fig. 6. Immediately, supporting
measures were taken to protect the historic façade as shown in
Fig. 7.
frame

ballast
on frame

jet grouting
gravity wall

Fig. 6. Check mark on the façade, showing an open crack.

Fig. 8. Interior view on the construction site with frame SG1
loaded by additional ballast in front of the historic façade.
Although the additional ballast on the frames caused a single
decline in tilting process continued steadily during the following
months. Surveying noticed another 6.3 cm (2.48 in.) horizontal
displacement at the top of the frame SG1 and of the façade towards the street during a time period of 5 months. This means a
tangential deviation of 1:100 while the end of displacement was
not predictable even so a little gradient reduction was noticed
following the lowering of the ground-water level (Fig. 9).
Fig. 7. Retaining elements for the protection of the historic
façade.
Lift off testing at the pre-stressed anchors showed an overloading
of all tested anchors, load values ranging 10 % to 50 % higher
than the working load. Two tested anchors had already failed.
Due to these results, there was an obvious hazard of collapse of
the other anchors, followed by the collapsing of the framework
Paper No. 7.04
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Results of observation

cantilever No. 1

horizontal
displacement
[in.]

cantilever No. 2

The visual inspection of the jet grouting structures showed a high
number of cracks, fissures and joints coming along with white,
crystalline faces on the fractured surfaces (Fig. 10).

cantilever No. 3
cantilever No. 4

3
beginning of
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lowering

cantilever No. 5

2
additional
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1

months
0
0

1

2

3

4

5

6

7

crack
-1

Fig. 9. Horizontal displacement of the 5 top elements of frame
SG1 during 7 months of surveying.
white crystalline face

OBSERVATIONAL MEASUREMENTS
Geotechnical and geodetic observation concept
Independent of the event of damage the following observational
measurements were initiated to attend the construction works:

Fig. 10. Cracks and fissures in the jet grouting structure with
white crystalline faces on the fractured surfaces.

Observation of ground-water level before, during and after
drawdown at 8 measuring points on-site and in the
neighbouring areas.
Execution of extensive perpetuation testimony at the historic façade itself as well as at the neighbouring buildings
before and after construction works.
Continuous measurement of existing (old) cracks at the façade and observation regarding the appearance of new
ones.
Survey of horizontal and vertical movements of the stiffening system (frames) at significant places.

The results of the geodetic surveying of the steel frames indicated that the tilting was caused by different vertical movements
of the frame´s abutments. Elements on top of the gravity walls
showed greater vertical movements (heave) than elements bedding on the (improved) footings underneath the façade. Because
of its inflexible construction this difference in heave induced the
tilting of the frames and the façade.

-

To assure the save execution of the construction works in face of
the tilting stiffening system and to give the possibility to identify
further damages on the historic façade and on the buildings in the
neighborhood, in addition to the existing measures, several continuous observation measures were initiated.
-

-

-

Extensive geodetic observation of vertical and horizontal
deformations of the façade and the frames with special focus on the abutments (jet grouting structures) at regular intervals.
Geotechnical observation of vertical and horizontal deformations (extensometer and inclinometer) of the abutments
of the frames, i.e. the jet grouting structures, strip footings
and the subsoil at 6 most critical places (see Fig. 2);
Visual observation of the façade as well as the jet grouting
structures during excavation of the building pit;
Observation of the forces in the inclined anchors by 15 anchor load cells and by lift off testing at 20 vertical anchors.
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The results of heave of the jet grouting structures were verified
by the geotechnical measurements done with vertical extensometers within the gravity walls. In addition it was found that the
vertical movements were not caused by deformations in the subsoil but only by deformations within the jet grouting structures as
indicated in Fig. 11.
An almost uniform vertical expansion was detected within the jet
grouting structure, which correlated directly to its cubature. According to the height of the gravity wall, this means a total expansion of the jet grouting material of 0.44 % at a rate of 0.25 %
per month.
The horizontal movements towards the building pit occurred in
the expected amount depending on the progress of excavation,
anchoring, and other construction work.
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X-ray diffraction analysis showed the presence of unusual high
amounts of ettringite crystals in the jet grouting material, especially located on fractured surfaces and in pores.
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Clay minerals, which are known as source of swelling in soil,
were not found; the swelling potential of the tertiary soil is negligible as stated by the water absorption of 43 % (the values of
more or less clay minerals are ≥ 60 %).

lower edge of jet
grouting structure

36

40

44
depth beneath
top of jet grouting
structure [ft]

Fig. 11. Results of vertical deformation measurement in and
below the jet grouting structure for a time period of 5
months.
INVESTIGATION OF THE FAILURE MECHANISM

Analysis of expansion mechanism
The presence of ettringite is a certain evidence for damages
caused by expansion of concrete material (Stark et al., 1992). In
concrete literature, the phenomenon is well-known as delayed
ettringite formation (DEF) or sulphate attack (Mehta, 1983, Mehta 1973, Mehta & Wang, 1982) and the mechanism of ettringite
formation in the hardened concrete can be explained even if the
extensive chemical reactions are not yet fully understood. To
protect concrete from DEF, the C3A-content in the binder is limited.
The problem of failure of binder stabilized soils caused by expansion problems in combination with delayed ettringite formation was investigated by Mitchell (1986), Sherwood (1958 and
1962), Wang (2002) and others. Until recently the problem of
damages in combination with ettringite formation in geotechnical
engineering is limited to cement or lime stabilized soils with relatively little binder content < 15 %, as it is used in soil stabilization for road construction.
It is for sure that the formation of ettringite in binder stabilized
soil is the result of the reaction between alumina, calcium, sulphate and water. Mitchell & Dermatas (1992) stated that the
sources of all necessary reactants are provided within the binder
stabilized soil:

Laboratory testings

-

Since the jet grouting material, which is a hardened mixture of
soil and cement slurry, was detected to be the cause of the expansion of the gravity wall associated with the different heave
values of the frame´s abutments, extensive laboratory investigations of the jet grouting material from the field were done.

-

Swell testing showed the same magnitude of expansion on labsized specimen from the field preserved in water as the in-situmeasurements. The expansion of jet grouting material observed
in laboratory was between 0.2 and 0.5 % of the specimen´s
height within a time period of 6 months. As recommended by
several authors (Petry & Little, 1992), the time for testing procedures was extended to investigate the long-term behaviour of the
specimen. So the testing is still going on, a reduction in the swell
gradient is not in evidence. Other tests showed swelling pressures of more than 70 kPa (10.15 psi).
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-

Sulphates: groundwater, soil (gypsum or anhydrite) or the
binder (e.g. lime).
Alumina: soil (clay minerals, micas, chlorite or other alumino-silicate-materials crystalline or amorphous in nature),
binder.
Calcium: binder (cement or lime).
Water: groundwater, added water in slurry.

The limitation of C3A-content is ineffective for binder stabilized
soils because the soil can provide the necessary alumina. In this
particular case the amount of minerals to be considered as potential source of alumina, is about 24 % (mica and chlorite).
Nevertheless the formation of delayed ettringite, which is also
referred to as C3A(CaSO4)3 · 32 H2O, is subjected to a number of
conditions, of which a certain “pre-damaging” of the structure
seems to be the most important (Bollmann, 2000). The predamaging might be caused by the relatively high water-cementratio of the jet grouting slurry, high temperature of the slurry as
6

well as of the soil-cement mixture during hydration, changes in
water content of the hardened cement stabilized soil, etc. As
source of the reactants, sulphate and alumina for ettringite formation have to be available in solution; several reactions have to
take place until all reactants are provided in the necessary form.
Although numerous research work has already been done to better understand the phenomenon of ettringite formation in binder
stabilized soils, a number of questions is still not answered. The
influence of type and number of clay minerals in the soil seems
to be quite high (Rollings et al. 1999) but a number of other conditions has to be fulfilled to start the mechanism of delayed ettringite formation and this can not yet be explained. Further investigations are necessary.

CONCLUSION
The tilting of the façade was induced by different vertical movements of the frame´s abutments which were installed inside the
construction ground to stiffen the historic façade during construction work. The origin of the movements was detected as an
expansion process within the abutments made by jet grouting
technique which produces a binder stabilized soil. The expansion
process itself was caused by delayed ettringite formation (DEF)
which is a well known phenomenon in concrete technology. The
appearance of DEF in binder stabilized soil is also known, but
the formation of ettringite is not yet fully understood because of
the complex reactions between soil and binder. To protect the
historic façade against further and the new building against future damages, the replacement of most of the jet grouting material was necessary.

CONCEPT OF MODIFICATION AND CONSTRUCTION
For the ongoing construction process, a decision was made to
handle the existing damage and to prevent future reduction in
serviceability of the new building. So the criteria for serviceability, i.e. maximum value of tolerable deformation (heave, tilting)
as well as maximum value of tolerable swelling pressures was
defined. On the other side, because of the above mentioned insufficiency in understanding and predicting the expansion phenomenon, it was not possible to predict the future behaviour of
the jet grouting material as accurately as needed, neither in matters of swelling pressure nor of heave values.
In this case, the new building is a very susceptible construction,
so only little deformations and swelling pressures are acceptable.
So the decision was made to remove the main parts of the jet
grouting material and replace it by an alternative construction. In
the cases where the jet grouting material remains on site, a cut
off between the new construction, the historic facades and the jet
grouting structure is provided.
The modified stiffening system was done step by step taking into
account the following aspects:
1.
2.
3.
4.

5.

Temporary refilling of the building pit to induce as
little additional deformation of the stiffening system
as possible;
Installation of new frameworks outside the façades in
the streets with as little disturbance of the neighborhood
as possible.
Separation of the loads of the old stiffening systems and
transfer to the new frames.
Elimination of most parts of the cubature of the jet
grouting material and installation of a new retaining
wall for the building pit by conventional underpinning
with concrete or by bored pile walls respectively.
Design of expansion space to guarantee the cut off between remaining jet grouting material and building elements.
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Until now, the prediction of the expansion values, i.e. swelling
pressure and heave values, is not possible. Further investigations
are necessary.
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